Interannual variations of the general circulation and polar stratospheric ozone losses are investigated by using a general circulation model (GCM) developed at Kyushu University. The GCM includes simplified ozone photochemistry interactively coupled with radiation and dynamics in the GCM. Polar ozone depletion is brought about in the GCM by a parameterized ozone loss term. We performed an 'ozone depletion experiment' over 50 successive years with stratospheric ozone losses occurring over the Arctic and Antarctic polar regions. In addition, a 50-year 'control experiment' without such losses was also performed.
Introduction
Recently, many studies have focused on the stratosphere-troposphere coupled variability. During northern winter-to-spring and southern spring, polar night jets are coupled with the tropospheric circulation to form the so-called annular modes (Thompson and Wallace 2000) . They are thought to be formed by wave-mean flow interaction between planetary waves and polar night jets in the stratosphere, and then move downward to modify the tropospheric circulation (Kuroda and Kodera 1999; Baldwin and Dunkerton 1999) .
On the other hand, the ozone hole appeared at the end of the 1970s in the Antarctic lower stratosphere and has developed during each austral spring. In addition, large ozone depletion was observed during early spring over the Arctic in 1990 and . In particular, the ozone depletion during spring 1997 is accompanied by strong and long-lived polar night jets (Coy et al. 1997; Newman et al. 1997) . As is well known, the existence of a strong polar night jet is essential for formation and maintenance of the polar ozone depletion, because it keeps polar region cold enough to form polar stratospheric clouds (PSCs) and prevents poleward transport of ozone-rich air from mid-andlow latitudes. The polar ozone losses in turn bring about decreased ozone ultraviolet (UV) heating in the high latitude lower stratosphere, which leads to lower temperatures (Randel and Wu 1999) . Therefore, there exists an interaction between the stratospheric general circulation and polar ozone losses. It is important to understand what role the interaction plays in the springtime seasonal march of dynamical and ozone fields and the stratospheretroposphere coupled variability.
Radiative and dynamical impacts of Antarctic ozone losses on the general circulation have been investigated by several authors (Kiehl et al. 1988; Mahlman et al. 1994; Christiansen et al. 1997; Shindell et al. 1997 ). Austin and Butchart (1992, 1994) examined the influence of stratospheric cooling on Arctic ozone due to an increase in the concentration of CO 2 by using a mechanistic model and including important photochemical reactions. Our recent study using an interactive ozone chemistry general circulation model (GCM) showed that the Arctic ozone depletion also led to decreased solar UV heating and lower temperatures, resulting in a colder and stronger polar vortex, and in a strengthening and continuation of ozone depletion itself (Hirooka et al. 1999a,b) . The interannual variability of ozone depletion was much larger in the Arctic than in the Antarctic, because of larger variability of dynamical conditions, e.g., strength of the polar vortex and planetary wave activities. It was impossible, however, to discuss statistically the climatology and interannual variability, because the integration period was too short.
The main purpose of the present study is to investigate relationship between the interannual variability of ozone depletion and that of the general circulation by performing extended integration of the GCM. In particular, we focus on interaction mechanisms between dynamical, radiative and ozone fields, which change climatology and probably affect stratospheretroposphere coupled interannual variability.
A brief description of our GCM and experimental designs are given in section 2. Section 3 gives some information about a multiple empirical orthogonal function (M-EOF) analysis which is used to extract the primary mode of stratosphere-troposphere coupled interannual variability. Results and discussion for the Northern Hemisphere spring are presented in section 4, and section 5 gives results for the Southern Hemisphere spring. Concluding remarks are given in section 6.
Model and experiments
The GCM used in this study is the same as that used in Hirooka et al. (1999a,b) , i.e., a global spectral model developed at our laboratory, with triangular truncation at wavenumber 21 in the horizontal direction and 37 vertical layers extending from the surface to about 83 km. The vertical resolution is about 2.5 km in the stratosphere. The GCM includes realistic topography and has a full set of physical processes, such as a boundary layer, a hydrologoical cycle, dry and moist convection, and radiative processes. The radiative transfer scheme of Chou et al. (1991) is used for long wave radiation, along with that of Lacis and Hansen (1974) for short wave radiation. Rayleigh friction and a gravity wave drag parameterization (McFarlane 1987) are introduced for the zonal momentum equation to represent the drag force due to unresolved motions.
The ozone mixing ratio is calculated for the surface to about 55 km on the basis of a parameterized Chapman cycle proposed by Hartmann (1978) , in which the catalytic destruction of ozone due to HOx and NOx is parameterized through the tuning of reaction coefficients. The reaction coefficients for
2 ) are adjusted to take values of 1:1 Â 10 À34 expð510=TÞ and 3:5 Â 10 À12 expðÀ1300=TÞ, where T is the temperature. Ozone mixing ratio above 55 km is prescribed by climatological values. The ozone destruction near the surface is expressed by introducing a suitable deposition velocity around 1 km altitude. The ozone field is coupled interactively with the radiative and dynamical fields in the GCM since the calculated ozone is used in the radiative schemes. For more details, see Miyahara et al. (1995) .
In order to simulate the polar ozone losses, a parameterized loss term with a relaxation time of 30 days is added to the ozone mixing ratio continuity equation. The loss term is switched on for the region between 120 and 16 hPa, when three conditions are met: a noontime zenith angle less than 85 , temperature lower than 198 K, and a latitude higher than 54
. We performed an 'ozone depletion experiment' including the loss term over 50 successive years, along with a 'control experiment' without the loss term for the same period.
Analysis method
In order to investigate stratosphere-troposphere coupled interannual variability for the springtime seasonal march of the general circulation, a multiple empirical orthogonal function (M-EOF) analysis (e.g., Kuroda and Kodera 1998) for the zonal mean zonal wind was performed for each experiment. The EOF analysis is performed by combining multiple periods of data in a vector x n as x n ¼ ðu n ð1Þ; u n ð2Þ; u n ð3Þ; u n ð4ÞÞ; ð1Þ where u n is anomalous period-mean zonal mean zonal wind at each height and latitude for the nth year. The vector x n has four terms, because four periods are analyzed in this study. Taking account of the latitudinal effects, the correlation coefficient matrix M is calculated from x n as follows:
where a i; j is an element of M, and j is the latitude of the location of x, and h i denotes the interannual mean. The first mode of EOF is then defined as the eigenvector e, associated with the largest eigenvalue l,
The data polewards of 20 and from 700 hPa to 0.1 hPa are used for this calculation. For each Hemisphere, the EOFs are calculated for four consecutive periods per year. The entire four periods are chosen to include development of polar ozone depletion and occurrence of final warmings. In this way, length of each period is determined to be 15 days for the Northern Hemisphere, and 30 days for the Southern Hemisphere. The first period is 1-15 April for the Northern Hemisphere, while it is 1-30 September for the Southern Hemisphere for the ozone depletion experiment. The calculation is conducted for 50 years of data for each experiment.
In order to investigate relationships between the obtained mode of interannual variability for the zonal mean zonal wind and other fields, we performed regression analyses between them. We consider the relationships from the viewpoint of interaction mechanisms between dynamical, radiative and ozone fields. The analyses are based on the transformed Eulerianmean (TEM) equations (e.g., Andrews et al. 1987) . Firstly, the time series of each term in the zonal momentum equation, the thermodynamic equation and the continuity equation for the ozone mixing ratio are calculated for each year. They are then integrated over each period mentioned above, and regressed upon the leading principal component (EOF1) time series for the zonal mean zonal wind.
Results for the Northern Hemisphere spring
4.1 Total ozone and wind fields Figure 1a shows latitude-time sections of the zonal mean total ozone and the zonal mean zonal wind at the 11 hPa level during 11-15th year in the ozone depletion experiment. Their interannual variations are relatively large during this period. Each panel shows the region north of 30 N and the period from January to June. We can see the following features: 1) Arctic ozone depletion occurs around April, which shows large interannual variations. Minimum values of the zonal mean total ozone are about 280 Dobson units (DU). 2) No significant ozone depletion occurs in years when final warmings occur early; otherwise, ozone depletion occurs and ends with the final warming.
3) The breakdown of the polar vortices occurs around early May on average. We can see a good correlation between continuation of polar night jets and development of the Arctic ozone depletion throughout the 50 experimental years. Because of the so-called 'polar cooling bias' in the GCM, occurrence of final warmings in the ozone depletion experiment is delayed by about one month compared to that observed in the 1990s. Hence, severe ozone depletion often continues for a longer time than that observed. Figure 1b is the same as Fig. 1a except for the control experiment. Maxima of the total ozone (@500 DU) can be seen every spring around the North Pole. It should be noted that correspondence between the continuation of the polar night jets and total ozone amount in high latitudes is unclear in contrast to the ozone depletion experiment. This is due mainly to the fact that no ozone depletion occurs in the control experiment. The occurrence of final warmings in the control experiment also is delayed by about a month compared to observations. On the other hand, a systematic ozone excess of about 50 DU is seen in high latitudes compared to observational values, which is due mainly to the excess of tropospheric ozone (Hirooka et al. 1999b) . Except for these features, the control experiment simulates characteristics of observed interannual variations reasonably well. Figure 2 shows latitude-time sections of the zonal mean total ozone and the zonal mean zonal wind at 11 hPa level for the 50-year climatology of the ozone depletion experiment (top panels) and the control experiment (middle panels), along with the differences between them (bottom panels). In the ozone depletion experiment, the zonal mean total ozone decreases by about 160 DU in the polar region during April compared to the result of the control experiment. Corresponding intensification of the polar night jet is about 5 ms À1 . Figure 3 shows seasonal marches of zonal mean dynamical fields, i.e., zonal wind, tem- respectively. Regions below 360 DU are shaded. Fig. 2 . Latitude-time sections of the zonal mean total ozone (left column) and the zonal mean zonal wind at 11 hPa (right column) for the climatology of the ozone depletion experiment (top panels), control experiment (middle panels) and their differences (bottom panels). For the upper four panels, the contour lines and shading show the same as those in Fig. 1 . As for the bottom panels, the contour intervals are 20 DU and 2 ms À1 respectively. Regions below À100 DU are shaded. perature, and the vertical component of the Eliassen-Palm (EP) flux averaged over latitudes north of 58 N, and UV heating at several high latitudes in the Northern Hemisphere and levels. In each panel, the long-broken line denotes the average for the ozone depletion experiment, while the short-broken line denotes that for the control experiment. The vertical bars show standard deviations for each average on each calendar day. The solid line shows averages of each field in the 'long years' in which polar ozone depletion and polar night jet persist for a long time (discussed in more detail later). It is found that zonal mean zonal winds and temperatures at 1 hPa for both of the experiments show similar seasonal marches to each other, whereas in the lower stratosphere they are largely different from each other, especially for the temperature field.
Seasonal marches of various fields and their interannual variability
In the ozone depletion experiment, the temperature at 86 N and 54 hPa are kept well below the threshold value for the ozone loss term, i.e., 198 K, until the end of April, which is delayed by about 2 weeks compared to the control experiment. This is connected with the decreased UV heating due to the Arctic ozone depletion (Fig. 3f ) . For a period from the beginning of the sunlit period (mid-March at 86 N) to the end of April, UV heating in the ozone depletion experiment is smaller than that in the control experiment by a factor of 2 at 54 hPa. Even in May and June, when the ozone loss term is no longer activated (T > 198 K), the UV heating is about 50-80% of that in the control experiment. However, it should be noted that effects of the decreased UV heating in this period are probably exaggerated in comparison with the real atmosphere, because the ozone depletion in our simulation is affected by the GCM's cold pole bias, and often continues for longer time than that observed.
It should also be noted that the interannual variability, expressed by the standard deviation (vertical bars), in the ozone depletion ex- periment is relatively large throughout the period. In particular, interannual variability of UV heating in the polar lower stratosphere is large for the ozone depletion experiment, while that for the control experiment is very small. The large interannual variability of UV heating for the ozone depletion experiment is caused by interannual variations of the polar ozone losses. In addition, interannual variability of the zonal mean zonal wind and polar temperature is also large in the lower stratosphere for the ozone depletion experiment. Figure 4a shows the interannual variations of dates of final warmings, which are defined by dates when zonal mean zonal winds become smaller than 10 ms À1 at 11 hPa level in this study. Closed circles show the results for the ozone depletion experiment, while open circles show those for the control experiment. The occurrence of final warmings in the ozone depletion experiment is widely distributed for the period from mid-March to late June. As a result, in the eight years denoted by large circles, i.e., years 2, 12, 15, 31, 35, 37, 40, 47 , the strong polar night jet and the Arctic ozone depletion continue harmoniously until June. Although those continuation periods are too long compared to observations, these eight years have characteristic features in radiative and dynamical fields which are closely connected with the severe ozone depletion. We call these eight years as 'long years' hereafter. It is also interesting that although surface boundary conditions, solar activity and other radiative constituents are fixed, the appearance of these years shows decadal variation. However, it is difficult to tell whether the decadal variation occurs accidentally or not, because the 50-year simulation is insufficient to evaluate such a decadal phenomenon.
The solid line in Fig. 3 shows average of each field for the long years. The seasonal marches of the polar night jet, polar temperature and the UV heating in the lower stratosphere deviate from the average line for the ozone depletion experiment after mid-April for the long years. Vertical components of EP flux in the lower stratosphere are smaller than other averages in the latter half of April (Fig.  3c ). Both the easterly acceleration due to EP flux convergence in the upper stratosphere and the dynamical heating related to descending motion are small in high latitudes in the stratosphere (not shown). Zonal wind reversal occurs in late May in the upper stratosphere (Fig. 3a) , but relatively strong westerlies, low temperature and small UV heating are maintained beyond the end of June in the lower stratosphere (Fig. 3b , e and f ). Figure 5a shows meridional cross sections of climatological zonal mean zonal wind (upper panels) and zonal mean temperature for the control experiment. Temperatures in the lower stratosphere are colder (@À10 K) than those observed. The seasonal march of the zonal mean zonal wind is delayed by about one month compared to recent observations as mentioned in the previous subsection. Figure 5b shows climatological differences between the two experiments for the zonal mean zonal wind and the zonal mean temperature. The dots denote statistically significant regions exceeding a 95% confidence level. In the ozone depletion experiment, westerly winds are intensified in highlatitudes of the lower stratosphere by about 4-5 ms À1 in April and about 3-4 ms À1 in May. In June, a zero-wind line is located at a higher altitude than that in the control experiment (not shown). Corresponding warming of 2-3 K in the upper stratosphere and cooling of 3-5 K in the lower stratosphere are found from April to June. These differences build up from midMarch to mid-April as shown in Fig. 3 .
Meridional structure of climatology
Momentum and thermodynamical energy budget analyses based on the TEM equations demonstrate that the differences between the two climatological fields are brought about by the following mechanisms. Figure 6 shows differences in contribution of dynamical heating due to vertical motion, net radiative heating and UV heating to the temperature evolution, which are integrated over a 30-day period (from 17 March to 15 April). Although the contribution of dynamical heating and net radiative heating generally tend to balance out, the imbalance between the two is relatively large in the polar region during this period ( Fig. 6a and b) which brings about the temperature difference. For the ozone depletion experiment, the cooling in the polar lower stratosphere is brought about by a decrease in net radiative heating (Fig. 6b) caused by a decrease in UV heating due to the Arctic ozone depletion (Fig.  6c ). In the middle stratosphere, the polar night jets are intensified through the thermal wind balance.
It is found by analyzing the time series of various fields that the cooling in the polar region and the intensification of the polar night jets are built up by the end of March. Figure 7 shows climatological differences of the zonal mean zonal wind along with EP flux during 1-15 April, those for westerly wind acceleration due to EP flux divergence integrated over this period, and those for the residual mean mass stream function. Corresponding to the zonal wind changes, convergence of the anomalous EP flux vectors occurs in the polar upper stratosphere (equatorward wave propagation is restricted by changes in wave guide) during 1-15 April (Fig. 7a) . Hence, easterly acceleration is brought about in the polar upper stratosphere (Fig. 7b) , which leads to intensification of the residual mean circulation (Fig. 7c) . As a result, the warming in the polar upper stratosphere is brought about by an increase in dynamical heating (Fig. 6a) .
Stratosphere-troposphere coupled
interannual variability Stratosphere-troposphere coupled interannual variability is investigated by performing a M-EOF analysis for the zonal mean zonal wind. Figure 8a shows the distribution of correlation coefficients between a leading principal component (EOF1) time series and anomalous zonal mean zonal wind at each latitude-height location. Positive values show westerly anomalies, while negative values show easterly anomalies. The arrows show EP flux vectors regressed upon the EOF1 time series, which are scaled by the reciprocal of square root of pressure. Figure 8b shows the zonal mean zonal wind regressed upon the EOF1 time series. Values correspond to one standard deviation of each EOF1 time series (discussed later).
Upper panels in Fig. 8a and 8b show results for the ozone depletion experiment. The EOF1 accounts for 22.5% of variance. A meridional dipole pattern of the zonal wind anomalies, which corresponds to the structure consisting of a strong polar night jet in high latitudes and a weak westerly region in the subtropics, becomes strong and moves poleward and downward from the upper stratosphere to the troposphere with time to form a barotropic structure similar to the Arctic Oscillation (Thompson and Wallace 1998, 2000) . It is found that, as the zonal wind anomalies move downward, meridional components of EP flux reverse in the troposphere. This situation corresponds to the fact that stratospheric variation associated with the polar night jets propagates downward to modify the tropospheric circulation.
This kind of downward propagation of zonal wind anomalies are often observed in the real atmosphere during boreal winter and spring (Kuroda and Kodera 1999; Baldwin and Dunkerton 1999) . It is seen in upper panels in Fig. 8a that divergence and convergence of the anomalous EP flux vectors bring about acceleration and deceleration of the zonal wind anomalies to move them poleward and downward with time; the downward propagation of the high-latitude zonal wind anomaly can be elucidated by wave-mean flow interactions between the polar night jets and planetary waves. On the other hand, the downward propagation of the subtropical zonal wind anomaly can be explained by Coriolis torque due to anomalous residual mean meridional circulation (not shown), which is induced by the anomalous EP flux divergence/convergence associated with the high-latitude zonal wind anomaly. Figure 9a and b show correlation maps between the EOF1 time series and the geopotential height field at 11 hPa and 500 hPa levels for the last period (16-30 May). Corresponding to the variation in the polar night jets, the geopotential height variation at 11 hPa shows a seesaw between the Arctic and the midlatitudes. Although a longitudinal variation in mid-latitudes is found at 500 hPa level, they show an approximate annular structure. Figure 9c and d show the typical geopotential height fields at 500 hPa level for the strong and weak polar vortex cases, respectively. The strong polar vortex case is constructed by addition of twice the EOF1 anomaly (calculated by regression) to the climatological field. On the other hand, the weak polar vortex case is constructed by subtraction of twice the EOF1 anomaly from the climatological field. In the strong polar vortex case, westerly winds are strong around the polar cap region. On the other hand, mid-latitude troughs around the Kamchatka peninsula and the lake Baykal are weak, and a mid-latitude ridge around the 30 W meridian is strong. We will not address the spatial pattern and quantitative effects of this variation in more detail. It would be difficult to focus on smaller-scale structures, because of coarse horizontal resolution of our GCM.
On the other hand, EOF1 of the control experiment has somewhat different character- istics (lower panels in Fig. 8a ). In this case the EOF1 accounts for 24.1% of variance. Although a meridional dipole anomaly of the zonal wind exists in the stratosphere, it becomes weak during the latter half of May. In the troposphere, meridional tripole pattern is seen throughout the periods. When we compare this mode with the climatological fields (upper panels in Fig.  5a ), we can see that the polar night jet is strong when the tropospheric subtropical jet is strong and confined in the subtropics. Further analysis is needed to clarify this connection.
Apart from such different features especially seen in the troposphere, both of the leading components for the two experiments strongly reflect occurrence timing of final warmings as described below. Fig. 4b shows time series (principal component scores) of EOF1 for each experiment divided by its own standard deviation. Closed circles denote the scores for the ozone depletion experiment, while open circles denote those for the control experiment. In each experiment the time series of EOF1 is well correlated with the occurrence dates of final warmings. The positive (negative) scores are associated with the strong (weak) polar night jets and the late (early) final warmings.
In the 'long years' (denoted by large circles), the scores of EOF1 are positive, and often are as large as two standard deviations. In these years, the zonal wind anomalies are about twice values indicated in the upper panels in Fig. 8b . In such years, the influence of strong polar night jets extends downward to the troposphere during late May. On the other hand, the scores of EOF1 seldom exceed one standard deviation in the control experiment. Moreover, during May, amplitude of the polar night jet variations (the high-latitude zonal wind anomaly) in the control experiment is smaller than that in the ozone depletion experiment (Fig.  8b) . Hence, we may conclude that the Arctic ozone depletion sometimes intensifies the springtime polar night jets to affect the tropospheric circulation.
Influences of the Arctic ozone depletion
The qualitative difference between the two leading components of the zonal mean zonal wind can be seen more clearly if we focus on the corresponding temperature variations. Figure  10 shows temperature fields regressed upon the EOF1 time series. Values indicated in each panel correspond to one standard deviation of each EOF1 time series shown in Fig. 4b . In the control experiment (lower panels in Fig.  10 ), temperature variations in the polar lower stratosphere are small compared to those in the ozone depletion experiment. In the ozone depletion experiment (upper panels in Fig. 10 ), a cooling of about 5 K in the lower stratosphere and a warming of about 2 K in the upper stratosphere are found in late May. This is connected with the Arctic ozone depletion which enlarges interannual variability of ozone mixing ratio and UV heating in the polar lower stratosphere. Figure 11 shows the contribution of dynamical heating (upper panels) and UV heating (lower panels) regressed upon the EOF1 time series for the ozone depletion experiment. The values indicate the contribution of each term to the temperature change based on the TEM equations, which is integrated over each 15-day period. It is found that the temperature anomalies are mainly caused by the sum of dynamical heating and UV heating. The contribution of long-wave radiation tends to cancel out the sum of dynamical heating and UV heating in part (an imbalance is left). The interannual variation of UV heating in the lower stratosphere is very large in the ozone depletion experiment. Furthermore the interannual variation of dynamical heating in the upper stratosphere is also large during May. On the other hand, there is no UV heating variation in the control experiment (not shown). Hence, the temperature anomalies for the control experiment are mainly caused by changes in the dynamical heating (not shown). In order to clarify the direct and indirect effects of ozone variation, we compare quantitatively the contribution of dynamical heating with that of UV heating (Fig. 11) . We describe the case in which scores of the EOF1 are positive (corresponding to strong polar night jets and late final warmings). During early April, the dynamical heating associated with the residual mean circulation is small, which leads to a cold polar stratosphere. This is due mainly to weak wave activity (upper panels in Fig.  8a ), because UV heating variation is still small in this period. In late April, the lower stratosphere is cooled by decreased UV heating (@À1 K) as well as decreased descent (@À2 K) due to weak wave activity. In early May, wave activity becomes strong (upper panels in Fig. 8a ) to form strong descent in the upper stratosphere. However, the anomalous descending motion does not penetrate to the lower stratosphere. While warming due to strong descent (@þ4 K) is dominant in the upper stratosphere, further cooling due to decreased UV heating (@À2 K) along with decreased descent (@À1 K) occurs in the lower stratosphere. During late May, strong descent (@þ5 K) is dominant in the upper stratosphere, which leads to further warming. In the lower stratosphere, decreased UV heating (@À2 K) is dominant, which leads to further cooling.
Here we summarize the analysis above. In the ozone depletion experiment, the characteristic mode of the stratosphere-troposphere coupled interannual variability is caused by the interaction between dynamical and ozone depletion processes. We can describe how the positive (negative) scores of the EOF1 corresponding to strong (weak) polar night jets appear as follows:
. In years when wave activity and waveinduced meridional circulation are weak during April, weak descending motion makes the polar region cold. From late April, severe Arctic ozone depletion occurs to cause direct cooling due to decreased UV heating in the polar lower stratosphere. Simultaneously, the characteristic temperature structure intensifies the polar night jet in the lower stratosphere to affect wave propagation, which leads to decreased descending motion in the lower stratosphere. Such an indirect effect of Arctic ozone depletion also keeps the polar lower stratosphere cold. This interaction mechanism brings about a continuation of the Arctic ozone depletion and strong polar night jet. As a result, the seasonal march of dynamical field in the lower stratosphere is delayed, and influences of strong polar night jets extend downward to the troposphere to modify the circulation pattern. On the other hand, wave activity and descending motion in the mid-and upper stratosphere are strong during May, because westerly winds exist for a long time.
. In other years, the polar night jets are weak in April, and final warmings early occur due to strong wave activity. In such years, polar ozone losses are small. Furthermore poleward transport of ozone from low latitudes is large. Hence, UV heating in the polar lower stratosphere increases, which leads to higher temperatures, resulting in weakening of the polar night jets or strengthening of summer easterly winds. The zonal mean zonal wind in the mid-and upper stratosphere changes to easterlies during May. Hence, waves cannot propagate upward in that region, which leads to weak dynamical heating.
It is difficult to apply directly these mechanisms to the real atmosphere where final warmings occur earlier than those in our simulation, so that severe ozone depletion might hardly occur in the real atmosphere. In 1997, however, planetary wave activity was unusually weak during February and March, and a strong polar night jet and severe ozone depletion continued until late April, along with significantly low temperatures in the polar lower stratosphere (Coy et al. 1997; Newman et al. 1997) . In addition, the downward propagation of strong westerly winds was also observed during 1997 spring (see, e.g., Plate 2 of Baldwin and Dunkerton 1999). Hence, the radiativedynamical interaction and stratosphere-troposphere coupling processes occurring in our GCM actually might be realized during 1997 spring. However, detailed analyses of the 1997 case is beyond the scope of this paper. Further analyses and additional observations are needed to clarify the reality of the described processes. Figure 12 shows latitude-time sections of the zonal mean total ozone and the zonal mean zonal wind at 11 hPa for the 50-year climatology of the ozone depletion experiment (top panels) and the control experiment (middle panels), along with the differences between them (bottom panels). In the ozone depletion experiment, the time evolution of the Antarctic ozone hole (regions < 220 DU) and the zonal mean zonal wind are very similar to recent observations, except that those continuation periods are relatively long in the GCM.
Results for the Southern Hemisphere spring

Total ozone and wind fields
It is not surprising that even in the control experiment, the ozone abundance in the polar region remains small until the breakdown of polar vortices, because stable and strong polar night jets restrict poleward ozone transport from lower latitudes. This fact is very important when we consider interannual variability of the springtime seasonal march of dynamical and ozone fields in the Southern Hemisphere as discussed later.
Concerning the differences between the two experiments, in the ozone depletion experiment Fig. 12 . Latitude-time sections of the zonal mean total ozone (left column) and the zonal mean zonal wind at 11 hPa (right column) for the climatology of the ozone depletion experiment (top panels), control experiment (middle panels) and their differences (bottom panels). For upper four panels the contour intervals are 40 DU and 10 ms À1 respectively. Regions below 220 DU are shaded. As for the bottom panels, the contour intervals are 20 DU and 2 ms À1 respectively. Regions below À100 DU are shaded.
the zonal mean total ozone is decreased by about 180 DU around the South Pole in October. The corresponding intensification of the polar night jet is about 10 ms À1 . It is found that the polar ozone losses and strong polar night jets continue for a longer time than those in the Northern Hemisphere (Fig. 2) . Figure 13a shows the interannual variation of dates of final warmings. Figure 13b shows the leading principal component time series obtained from the M-EOF analysis for the zonal mean zonal wind during the Southern Hemisphere spring (discussed later). Closed circles show the results for the ozone depletion experiment, while open ones show those for the control experiment. The occurrence of final warmings in the ozone depletion experiment (around mid-December) is delayed by about two weeks on average compared with that for the control experiment. It is noted that the occurrence of final warmings for the ozone depletion experiment is delayed by about three weeks compared to those observed in the 1990s, which is due mainly to the cold pole bias in our GCM.
Interannual variability of dates of final warmings
When we compare this result to that for the Northern Hemisphere (Fig. 4a) , we can see that the delay of the occurrence of final warmings associated with the Antarctic ozone hole is larger than that associated with the Arctic ozone depletion. This is due mainly to the fact that winter-to-springtime polar vortices are relatively cold and stable in the Southern Hemisphere due to less wave activity.
It should also be noted that the interannual variability for the ozone depletion experiment is larger than that for the control experiment. The late final warmings in the ozone depletion experiment (late December to early January) may result from overestimated positive feedback effects between the cold and strong polar vortices and decreased UV heating due to polar ozone depletion. Figure 14 shows climatological differences in the zonal mean zonal wind (upper panels) and temperature (lower panels) between the ozone depletion experiment and control experiment. We can see the following features: in September, westerlies increase (decrease) slightly in the high (mid) latitude lower stratosphere. The polar night jet is intensified in the lower stratosphere by about 6-7 ms À1 in October and about 10 ms À1 from November to December. A significant decrease of westerly winds by about 4 ms À1 is also brought about in the upper stratosphere and mesosphere in November. Corresponding to these wind anomalies, a cooling of about 12 K in the polar lower stratosphere is seen, which extends to the upper troposphere. A warming of about 8 K in high latitudes and a weak cooling in the subtropics are also seen in the upper stratosphere.
Meridional structure of climatology
It should be noted that these differences are 2 or 3 times as large as that in the Northern Hemisphere spring. This is due mainly to the fact that the occurrence of final warming in the Southern Hemisphere is later than that in the Northern Hemisphere, i.e., around the summer solstice for the ozone depletion experiment. Hence, the feedback effects of decreased UV heating associated with the Antarctic ozone hole are enhanced by more intense solar radiation.
Stratosphere-troposphere coupled
interannual variability Concerning the stratosphere-troposphere coupled interannual variability in the Southern Hemisphere spring, the leading modes of variability for the two experiments obtained from the M-EOF analysis have qualitatively the same structure as each other (not shown), if we take the time delay for the seasonal march of two weeks into account. Both of the leading principal component time series well correlate with the occurrence timing of the final warmings as seen in Fig. 13a and b. In contrast to the results for the Northern Hemisphere (Fig. 10) , even in the control experiment the interannual variability of the temperature field in the polar lower stratosphere is comparable to that in the ozone depletion experiment (Fig. 15 ). This is due mainly to the fact that interannual variability of UV heating in the polar lower stratosphere is also large in the control experiment (not shown).
In contrast to the Northern Hemisphere winter and spring, stratospheric sudden warmings hardly occur in the Southern Hemisphere, and poleward transport of ozone rich air is controlled by the polar night jets until final warmings occur. Cold and strong polar vortices lead to less ozone mixing ratio in the polar region, resulting in less UV heating and lower temperatures, resulting in further a continuation of polar night jet. Hence, the interaction mechanism between the dynamical and ozone fields can affect the springtime general circulation in the Southern Hemisphere even if the Antarctic ozone hole (chemical ozone depletion) does not occur.
Comparisons of the present results with
other GCM studies The present results are compared to those for earlier studies. Mahlman et al. (1994) performed 4 1 2 -year ozone hole experiment using the GFDL SKYHI GCM, and obtained temperature responses consisting of a cooling of about 8 K in the poler lower stratosphere and a warming of about 6 K in the Antarctic middle stratosphere during December. These values are small compared to our results.
On the other hand, Shindell et al. (1997) performed 6-year ozone hole experiment using the GISS GCM. Their results were divided into the 'large (ozone) loss years' and the 'small loss years'. The temperature responses in the large loss years were not statistically significant during December, because increased dynamical heating due to enhanced downward motions rapidly compensated for the cooling from ozone loss. In the small loss years, however, a statistically significant cooling persisted until February in the polar lower stratosphere.
Such an anticorrelation between the maximal ozone depletion amount and persistence of the cooling in the polar lower stratosphere is not seen in our simulation. Instead, a statistically significant correlation (r @ 0:38; exceeding 99% confidence level) is found between maximal area of the Antarctic ozone hole (regions < 220 DU) and persistence of the polar night jet.
If wave activity and dynamical heating are relatively small in the high-latitude stratosphere during September and October, a cold polar vortex and a large ozone hole develop (for temperature variations, see upper panels in Fig. 15 ). Although dynamical heating increases in the polar upper stratosphere to produce an warming anomaly during November and December, the positive feedback effect between the strong polar vortex and ozone depletion dominates in the lower stratosphere, resulting in the persistence of the cooling and the polar night jet. Hence, it is concluded that the radiative cooling effect of the ozone hole in our simulation is large, or dynamical response (increased dynamical heating compensating for the cooling from ozone loss) is small, compared to the results of the GISS GCM simulation.
Concluding remarks
Results of the ozone depletion experiment show large interannual variations of the general circulation and polar ozone losses especially in the Northern Hemisphere winter and spring. During some years, the polar temperature in the lower stratosphere is kept well below a threshold value of the ozone loss term, i.e., 198 K, and the polar vortex and ozone depletion persist until June. Climatological differences in the springtime Arctic temperature compared with the control experiment show a cooling of about 5 K in the lower stratosphere as well as warming of about 3 K in the upper stratosphere. The corresponding intensification of the polar night jet is about 5 ms À1 in the middle stratosphere. The cooling is caused by a decrease in UV heating due to the Arctic ozone depletion, while the warming is caused by an increase in descending motion associated with intensified wave flux convergence in the polar upper stratosphere. These differences build up during the month after the return of sunlight to the Arctic region.
A leading mode of stratosphere-troposphere coupled interannual variability, which is extracted by a multiple EOF analysis for the springtime zonal mean zonal wind, strongly reflects the timing of final warmings. In the ozone depletion experiment, a meridional dipole pattern of the zonal wind anomalies, which corresponds to the structure consisting of strong polar night jet in high latitudes and weak westerlies in the subtropics, becomes strong and moves poleward and downward from the upper stratosphere to the troposphere with time, to form a barotropic structure similar to the Arctic Oscillation. Corresponding temperature variations are characterized by a large amplitude in the polar lower stratosphere, which is due mainly to the variations in UV heating. Hence, this mode is caused by the interaction between dynamical and ozone depletion processes.
In the Southern Hemisphere, climatological differences in the springtime Antarctic temperature compared with the control experiment are colder by about 12 K in the lower stratosphere as well as warmer by about 8 K in the upper stratosphere. These are caused by similar interaction mechanisms that occur in the Arctic spring, i.e., the feedback effects between polar ozone losses and the general circulation. Those effects are enhanced by stable polar night jets and intense sunlight. Correspondingly, the occurrence of final warmings in the ozone depletion experiment are also delayed by about two weeks on average compared to that for the control experiment.
In contrast to the Northern Hemisphere spring, the leading modes of the stratospheretroposphere coupled interannual variability for the two experiments have qualitatively the same structure in the Southern Hemisphere. This is due mainly to the fact that interannual variability of UV heating in the polar lower stratosphere is large even in the control experiment, because poleward transport of ozone rich air is controlled by the strong polar night jet until final warmings occur. Hence, the interaction between meridional transport of ozone and UV heating in the polar lower stratosphere can affect the springtime seasonal march in the Southern Hemisphere even if the Antarctic ozone hole does not exist. It should be noted that the dynamical and ozone fields simulated in the present study are affected by the cold pole bias of the GCM. It is found that the occurrence of final warmings in the ozone depletion experiment is delayed by about one month (three weeks) during boreal (austral) spring compared to that observed in the 1990s. Hence, ozone depletion often continues for a longer time than that observed. The positive feedback effects between the polar ozone depletion and the cooling in the polar lower stratosphere are probably overestimated in the GCM.
On the other hand, it is expected from other GCM studies (e.g., Shindell et al. 1998 ) that if temperature in the lower stratosphere becomes colder due to increasing greenhouse gases, severe Arctic ozone depletion and strong polar night jets will often be observed as in our simulation. In such a case, the interaction between dynamical and ozone depletion processes demonstrated in this study will be very important for the stratosphere-troposphere coupled interannual variations.
For the purpose of clarifying the effects of the polar ozone losses on the tropospheric weather systems, horizontal resolution of T21 used in this study is insufficient. We must perform further simulations with a high-resolution version of the ozone coupled GCM. Moreover, in order to simulate more realistic seasonal march and interannual variability of dynamical and ozone fields, the cold pole bias must be reduced in our GCM. This work was supported by a Grant-in-Aid for Cooperative Research with the Center for Climate System Research, University of Tokyo, and by a Grant-in-Aid for Scientific Research from the Ministry of Education, Science, Culture, Sports and Technology, Japan. The GFD-DENNOU Library was used for drawing the figures.
